As road conditions worsen, users experience an increase in fuel consumption and vehicle wear and tear. This increases the costs incurred by the drivers, and also increases the amount of greenhouse gases (GHGs) that vehicles emit. Pavement condition can be improved through rehabilitation activities (resurfacing) to reduce the effects on users, but these activities also have significant cost and GHG emission impacts. The objective of pavement management is to minimize total societal (user and agency) costs. However, the environmental impacts associated with the cost-minimizing policy are not currently accounted for. We show that there exists a range of potentially optimal decisions, known as the Pareto frontier, in which it is not possible to decrease total emissions without increasing total costs and vice versa. This research explores these tradeoffs for a system of pavement segments. For a case study, a network was created from a subset of California's highways using available traffic data. It was shown that the current resurfacing strategy used by the state's transportation agency, Caltrans, does not fall on the Pareto frontier, meaning that significant savings in both total costs and total emissions can be achieved by switching to one of the optimal policies. The methods presented in this paper also allow the decision maker to evaluate the impact of other policies, such as reduced vehicle kilometers traveled or better construction standards.
Introduction
Climate change is becoming an important subject of discussion and action globally. Many countries and industries are devising plans and steps to adapt to and mitigate the effects of climate change. California has been active in discussing climate change mitigation policy since the passing of Assembly Bill 32 in 2006, the state law that set greenhouse gas (GHG) emission reduction goals (Air Resources Board 2014) . One of the specific aspects mentioned is the need for cleaner transportation. The California Department of Transportation (Caltrans) is in charge of a system consisting of over 80 000 lane-kilometers of roads, traversed by vehicles driving 283 billion kilometers per year (Caltrans 2011) . The potential reductions in emissions with the right strategies are significant (see, e.g., Sathaye et al 2010, Santero et al 2011 Santero et al , 2011a Santero et al , 2011b . Caltrans has investigated several strategies for decreasing the emissions in their scope, such as alternative technologies for manufacturing asphalt for roadways, LED lighting of roads, and use of renewable energy in facility operations. However, additional, yet unexplored opportunities remain (e.g., material selection (Horvath and Hendrickson 1998) , local or regional supply chains (Cicas et al 2007) ).
Pavement management systems seek only to minimize life-cycle costs that a road agency and users incur. Environmental impacts stemming from emissions, e.g., of GHGs, traditionally have not been taken into account. This paper describes an optimization model we have created to help decision makers adopt pavement resurfacing policies that minimize both total costs and GHG emissions for a road network. The range of potentially optimal decisions is found along the so-called Pareto frontier. Such optimal policies could be adopted by Caltrans or other decision makers in charge of road systems worldwide and can be adapted to include other potential actions such as reduced vehicle kilometers traveled (VKT) to examine their effects on optimal resurfacing policies.
Literature review

Pavement roughness and effects
The global warming potential associated with pavements was examined by Santero and Horvath (2009) , who determined that the rolling resistance stemming from pavement roughness had the potential to have the highest impact of all components in the pavement life cycle. Therefore, roughness is the characteristic that is used in this paper as a measure of road condition. Roughness is a measure of how uneven the longitudinal profile is in the wheelpath; it is inclusive of the distresses seen in pavements such as cracking, rutting and potholes (Paterson 1987) . The standard measure for roughness is the International Roughness Index (IRI) which is typically measured in m km −1 or in mi −1 , where an IRI of 0 m km −1 corresponds to a perfectly flat road surface. It has been shown to affect fuel consumption as well as vehicle wear and tear (Watanatada et al 1987, Barnes and Langworthy 2004) . To keep roads in good condition, agencies can perform a rehabilitation action such as a resurfacing, however, this activity also comes with substantial costs and GHG emissions. The measured value of roughness at which the agency decides to perform an action is known as the trigger roughness.
Roughness also affects users' perception of ride quality. Beyond a certain threshold, drivers and passengers begin to feel uncomfortable. This threshold was set at 2.7 m km −1 by the United States Federal Highway Administration (2012), and is supported by an empirical analysis by Shafizadeh and Mannering (2003) . Caltrans has recently adopted this same value as its trigger roughness. Another commonly used value is 3.5 m km −1 , which was used by Caltrans in the past and is currently used by the Highway Design and Maintenance Standards Model (HDM) application for developing countries (Li et al 2004 , Lu et al 2009 . Since the value of 2.7 m km −1 is based upon perceived comfort, it may not be optimal in terms of economic or environmental costs; this reasoning is why some agencies may use a different value and why different values are examined in this study.
Optimization methods for maintenance and rehabilitation
There are three formulations that can be used to optimize pavement maintenance and rehabilitation (M&R); (1) discrete time and discrete state (e.g., Madanat 1993), (2) discrete time and continuous state (e.g., Durango-Cohen 2007), (3) continuous time and continuous state (e.g., Tsunokawa and Schofer 1994) . These categories can be further broken up into single or multiple facilities (segments of roadways). The M&R optimization of multiple facilities can be performed by using top-down (e.g., Golabi et al 1982) or bottom-up (e.g., Sathaye and Madanat 2012) approaches. This research utilizes a continuous time and continuous state formulation for multiple facilities, which is preferred because pavement roughness is a continuous variable. The bottom-up approach is chosen because it preserves individual facility characteristics and provides better information for allocating the budget amongst the system of facilities as compared to the top-down approach which only specifies a percentage of facilities which should receive treatment and still requires the final decisions to be made by pavement engineers. Li and Madanat (2002) solved the problem of optimal pavement resurfacing frequency for an infinite planning horizon using a steady-state solution method. The optimal policy was found to have a threshold structure, where the pavement should always be resurfaced to its best achievable roughness level. This result confirmed earlier empirical work (Darter et al 1985 , Carnahan 1988 and was confirmed by later theoretical work Madanat 2006, Gu et al 2012) . Madanat (2011, 2012) extended the work by Li and Madanat to solve for a large-scale heterogeneous system of facilities.
There are also methods that focus on optimizing pavement rehabilitation with respect to criteria consisting of more than total costs. Lidicker et al (2013) used a multi-criteria optimization in which GHG emissions and costs were considered for a single facility, and found that there was a tradeoff between costs and GHG emissions resulting in a Pareto frontier with each point representing a potentially optimal pavement rehabilitation strategy for that facility. Zhang et al (2010 Zhang et al ( , 2010a addressed multi-criteria optimization as well for emissions, energy and costs with respect to the Michigan highway system, but the focus was on a comparison of a new material, engineered cementitious composites with asphalt and concrete pavements. Zhang et al (2013) used life-cycle optimization in order to determine an optimal strategy while taking sustainability factors into account, but did not examine the tradeoffs between the costs and these factors or delve into policy implications. Wang et al (2012) came up with an LCA model to evaluate energy and GHG emissions for different rehabilitation strategies, and looked at the payback period for agency emissions to be offset by the savings in user emissions, but did not examine costs.
Problem formulation
This section describes the methodology for solving a multifacility, continuous state, continuous time, infinite horizon problem for a heterogeneous pavement network (segments in the network have different characteristics such as traffic loading, structural number and road geometry).
The single-facility problem has been addressed in previous work (Lidicker et al 2013) , but the solution does not extend to system-level optimization. Instead, the methodology described in (Sathaye and Madanat 2012) , which efficiently solves the system-level optimization under a budget constraint, was tailored to fit the problem. The agency budget constraint was replaced with a yearly budget constraint on total GHG emissions. Further details are explained in the subsequent sections.
The formulation is given by an objective function subject to two constraints. Equation (1), the objective function, is the sum of the annualized costs, V j , across all facilities in the network, j = 1…J. The total costs are inclusive of the agency costs associated with a rehabilitation activity, M j , and the additional costs experienced by the users due to roughness, U j . U j is an integral from 0 to τ. M j is a linear function of thickness which is based on the one-time cost for the milland-fill activity. The total costs are converted to equivalent annualized costs by the factor (Au and Au 1992) , where r is the discount rate and τ j is the time interval between resurfacings. τ also serves as the decision variable. The first constraint, equation (2), represents a constraint on the total yearly emissions Q j . The formulation for total emissions is similar to that of total costs inasmuch as it consists of agency emissions from resurfacings, A j , and additional user emissions stemming from the increase in fuel consumption due to roughness, W j (costs and emissions associated with the best achievable level of roughness after a resurfacing as well as the aspects of fuel consumption which are unaffected by roughness are beyond the control of the agency and not included in the formulation). It should be noted that in order to annualize emissions, the total is simply divided by τ. This is done because there is no scientific consensus on discounting future emissions (Sedjo and Marland 2003) . The other constraint, equation (3), ensures that the value of τ stays within its upper and lower bounds, τ j c and τ j e , respectively
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The models that are used in the optimization are presented in detail in the supplementary material in appendix A, available at stacks.iop.org/ERL/9/104020/mmedia.
Solution methodology
This section presents the solution methods which are used to solve the formulation given in the previous section. The formulation is similar to that of (Sathaye and Madanat 2012) , with the exception of changing the constraint and decision variable. The Lagrangian dual formulation of the problem is taken here as it is simple to solve since there is only one dual variable. Additionally, the value for the shadow price directly gives the value for the tradeoff between marginal costs and GHG emissions. Using this, the policy maker can find out where their organization is operating on the Pareto frontier and deduce how much it would cost per metric ton (mt) to reduce their CO 2 e emissions (where CO 2 e is carbon dioxide equivalent emissions expressing all GHGs in terms of CO 2 ). The dual formulation utilizes a common nonlinear programming technique and is given in equation (4) with the constraint given in equation (5). Λ is the Lagrange multiplier, also commonly referred to as the shadow price. Specifics can be found in the supplementary material in appendix B.
2.5. Case study A sample of flexible pavement segments (defined as 1 km long stretches) from a subset of Californian highways (representing approximately 1600 lane-km or 3% of the state's entire network) is used to illustrate the benefits of the proposed methodology. The data came from Caltrans' district 4 (one of the 12 districts in the state), which was chosen because it has a variety of pavement segments which include highways that run through major urban areas such as San Francisco and Oakland as well as some rural roads which see little traffic. The assumptions and values for the parameters used in the models discussed in the problem formulation are described in the following sections.
Assumptions
The rehabilitation activity is 'mill-and-fill', where the existing asphalt is milled to the exact depth of the new layer. Other minor maintenance activities, such as patching or crack sealing, are assumed to be contained within the deterioration model and are not part of the resurfacing policy. It is assumed that 80% of heavy vehicles will travel in the right lane when there are two or more lanes, as per Caltrans' design standards. Traffic is taken to be constant, with VKT growth or reduction to be examined in future work. It is assumed that deterioration primarily occurs in the farthest right lane (truck lane) and that maintenance is applied to the entire section when a resurfacing activity is triggered. Alternative cases such all lanes deteriorating at the same rate and single-lane resurfacing policies can be found in the supplementary material in appendix C.
Traffic and pavement
The Caltrans Traffic Data branch provides information about the average annual daily traffic (AADT), average annual daily truck traffic (AADTT), and the number of equivalent single axle loads (ESAL is the standard measure of traffic load on pavement) per year, but not the structural number (a measure of pavement strength) or number of lanes. However, the number of lanes can be determined by visual inspection using mapping software since the route and cross streets are available as part of the data. The structural number of the pavement can be estimated using the Caltrans design manual since the factors taken into account for pavement design are the number of lanes, AADT, AADTT and number of ESALs (Caltrans 2012).
User costs and emissions
User costs considered are a combination of additional fuel consumption and additional wear and tear on vehicles caused by roughness. Zaabar and Chatti (2010) calibrated the HDM-4 model to match conditions seen in the United States and investigated an array of vehicle types at highway speeds. The study found that the change in fuel consumption was linear with respect to roughness with each additional unit of roughness (1 m km −1 ), resulting in an increase of 1.05% in fuel consumption for cars and a 0.725% increase in fuel consumption for trucks. The current average fuel prices of diesel and gasoline in the case study area were used. For vehicle wear and tear, additional costs per km due to one unit of roughness were taken from (Barnes and Langworthy 2004) . The GHG emissions associated with the roadway users only take into account the emissions related to the additional burning of fuel as there is no empirical evidence of the additional emissions from tire wear, maintenance, or parts replacement for US conditions. The emissions inventory of fuels (diesel and gasoline) accounted for the entire supply chain (resource extraction, refining, distribution). The total user costs and emissions for each segment are weighted by the amount of traffic. Caltrans performs its maintenance activities at night when there is little traffic, so user delay is not included in the cost or emissions functions.
Agency costs and emissions
State agencies typically set overlay thicknesses, which they apply under given circumstances. For example, Caltrans typically applies a 0.075 m (0.25 ft) hot mix asphalt overlay when the roughness level is greater than 2.7 m km −1 (Caltrans 2012). Due to this method of application, overlay costs are typically given in dollars per distance. As this paper investigates various overlay thicknesses, resurfacing costs need to be determined in a different manner. Hand et al (1999) obtained costs from the New Jersey Department of Transportation Operations Division, which included engineering and construction costs for various resurfacing thicknesses ranging from 0.05 to 0.125 m, and found that costs are linear with thickness. To address agency GHG emissions from resurfacing, the PaLATE software was used (PaLATE 2013).
Case study results
The results for the network-level analysis are shown in figure 1 . Before delving into the benefits of the optimization, the effect of the recent policy change by Caltrans from a trigger roughness of 3.5 to 2.7 m km −1 was considered. We estimated that the new resurfacing policy saves 3600 metric tons CO 2 e yr −1 and $0.6 million yr −1 in total costs. This corresponds to an emissions reduction of 14% and a cost reduction of 2.5%. While it is shown that the new policy is a step towards bringing the system closer to optimality, there is still room for improvement. Emissions could be reduced by another 540 mt CO 2 e (2.5%) and costs by another $0.3 million (1.5%) if the agency were to move from the 2.7 m km policy to the cost-minimizing point on the Pareto frontier, which is the point obtained when total costs are minimized without an emissions constraint. Each point on the Pareto frontier corresponds to a potentially optimal policy consisting of trigger roughness values for each facility. For example, a point close to the cost optimal would have trigger roughness values between the cost-and emissions-optimal values, but more closely resembling the cost optimal. This new approach can be easily adopted into practice since it retains the threshold-based decision-making process currently used by pavement engineers, with the only difference being the need to specify different optimal thresholds for each segment. If an agency is given an emissions budget, it can then determine if that budget is feasible and what the total costs would be in the network with that constraint. To illustrate what happens at a facility level in the network under the proposed optimization, several single facility cases are examined in the supplementary material in appendix D.
Relationship to carbon price
The slope of the Pareto frontier represents the price of CO 2 at that point. Two possible prices for CO 2 are considered (figure 2): the price of $13.62/mt CO 2 e, determined from California's second carbon auction (Environmental Leader 2013) , and the price of $110/mt CO 2 e, from a study (Knittel and Sandler 2011) . It is possible to make some conclusions about the amount of CO 2 e that can be saved by moving from the cost-optimal point to either of those two points. For the California price, although it is very close to the cost optimal point, it would still result in a savings of 50 mt CO 2 e yr −1 (0.2%). The value from (Knittel and Sandler 2011) would result in a savings of 450 mt CO 2 e yr −1 (2%) since it is located farther from the cost-optimal point on the graph. The savings discussed are only for the subset of Caltrans district 4 roads used in the case study. Scaling up to the entire Caltrans network will lead to higher savings as the case study only accounts for about 3% of the entire network. Looking at carbon price another way, the given emissions budget decides the societal value for carbon. For example, if Caltrans was told they had to reduce their GHG emissions to 20 000 mt CO 2 e yr −1 for the subset of roads discussed in the case study, this would correspond to a CO 2 value of approximately $750/ mt, which is considerably higher than carbon has ever been valued on the market. This can lead to more informed emissions budgeting. Another extension of the carbon pricing is that it can be used to compare it to the costs of carbon reductions from alternative actions (such as using LEDs in roadway lighting).
User versus agency costs
When discussing the idea of increasing costs to reduce emissions, it is important to see who is bearing these additional costs. Figure 3 shows the differentiation between user and agency costs. The cost-optimal point falls on the far right of the frontier, so moving left from there to reduce emissions sees an increase in agency costs accompanied by a decrease in user costs. What this means for agencies is that increasing their annual costs not only has an effect on reducing total emissions, but it is coupled with the benefit of reducing costs to the users. This also gives the agency a quantitative measure of evaluating their budget needs.
VKT reduction (policy sensitivity analysis)
There are some cases in which the agency cannot meet its emissions target from simply moving along the Pareto frontier, regardless of the budget. They would need to consider other policies, such as reducing total VKT. Such action reduces both total emissions and total costs for the network, as shown in figure 4 . A 10% reduction in VKT reduces the yearly costs by about $0.6 million (2.5%) and yearly since there will be fewer travelers on the roads, but agency costs also see a reduction of $0.2 million for 10% VKT reduction and $0.4 million for a 20% VKT drop since the roads need to be resurfaced less frequently. In the situation where roads are under-designed, a reduction in VKT will be even more significant since it will also slow the deterioration due to reduced truck traffic. Other potential policies, such as improved construction standards, are discussed in the supplementary material in appendix E.
Conclusion
This paper presents a framework for including GHG emissions minimization into pavement resurfacing policy. A realistic deterioration model is used and a case study is performed on a subset of California highways. The recent resurfacing policy change in California (going from a trigger roughness of 3.5 to 2.7 m km −1 ) was shown to be beneficial for reducing both total costs and total emissions. Although an improvement over the past policy was shown, the recently adopted policy was still found to be sub-optimal. Further reductions in total costs and total emissions can be achieved by switching to a policy that is located on the Pareto frontier which would keep the same threshold-based decision making process, but specify a different optimal trigger roughness value for each segment. It was demonstrated how the societal value of carbon can be used to decide which resurfacing policy to use. The link between an agency being given an emissions budget and how that budget implicitly decides the societal value of carbon was also discussed. Lastly, how agencies can use this optimization method to evaluate their budget needs was also shown. A useful addition would be to include under-designed roads, since they will deteriorate much more quickly. In this research, roads were assumed to have been designed to meet the traffic that they carry today, but in real-world applications this may not be the case. With pavement lifespans (before reconstruction) lasting over 20 yr, the traffic that they were designed for may differ greatly from what is currently being seen. Future research should either seek to include measured values for structural number, or try to determine which areas experienced the highest traffic growth in the past few years.
Even though the analyzed case focuses on California, the optimization model is applicable to other locations. It was shown that a universal trigger roughness is not optimal, which is a policy used by many countries. For agencies which already use a cost-optimizing pavement management system, this paper shows how they can incorporate GHG emissions into their accounting. Furthermore, the framework allows for the inclusion of additional policies, such as reduced VKT.
